The rotor thermal bending due to the rotor-to-stator rubbing can lead to one of three types of observed rotor lateral motion: (1) spiral with increasing amplitude, (2) oscillating between rub]no-rub conditions, and (3) asymptotical approach to the rotor limit cycle. Based on the machinery observations, it is assumed in the analytical part of the paper that the speed scale of transient thermal effects is considerably lower than that of rotor vibrations, and that the thermal effect reflects only on the rotor steady-state vibrational response. This response would change due to thermally induced bow of the rotor, which can be considered to slowly vary in timefor the purpose of rotor vibration calculations. Thus uncoupled from the thermal problem, the rotor vibration is analyzed. The major consideration is given to the rotor which experiences intermittent contact with the stator, due to predetermined thermal bow, unbalance force, and radial constant load force. In the case of inelastic impact, it causes an on]off, step-change in the stiffness of the system. Using a specially developed variable transformation for the system with discontinuities, and averaging technique the resonance regimes of motion are obtained. These regimes are used to calculate the heat generated during contact stage, as a function of thermal bow modal parameters, which is used as a boundary condition for the rotor heat transfer problem. The latter is treated as quasi-static, which reduces the problem to an ordinary differential equation for the thermal bow vector.
INTRODUCTION
Rotor-to-stator rub, an unwelcome contact between rotating and nonrotating elements of a machine, can be one of the most damaging malfunctions of rotating machinery. Generated by some perturbation of normal operating conditions that causes an increase of rotor vibration level, and/ or an increase of the rotor centerline eccentricity, the rub can maintain itself, and gradually become more severe. The self-generating feature of this phenomenon originates from the interaction between rub-related thermal effects and lateral vibrational response of the rotor. Starting from 92 P. GOLDMAN et al.
pioneering works of Taylor (1924) and Newkirk (1926) , the unwinding spiral vibrations of rotors are documented in several papers (Black, 1968; Kroon and Williams, 1939; Dimaragonas, 1973; Kellenberger, 1979; Natho and Crenwelge, 1983; Hashemi, 1984; Smalley, 1987; Muszynska, 1993) . In addition to the spiral response, Dimaragonas, (1974) described an oscillating mode of shaft vibration, occurring during the transition from the spiraling to a steady-state mode. A similar result from an improved rotor dynamic model was obtained by Muszynska (1993) .
The problem of rub-related heat distribution was discussed by several authors, for example, Sweets (1966) , Kellenberger (1979) and Smalley (1987) .
The most complete analysis of the heat transfer problem associated with rub is given in the book by Dimaragonas and Paipetis (1983) . In all referenced literature the analysis of the shaft bow, resulting from the uneven temperature distribution due to rub, is based on an approximation on the mean flexural rotation of one end of the shaft in relation to the other (Goodier, 1958) .
The idea of the discontinuous variable transformation applied in this paper for the rub dynamics analytical description appeared first in the paper by Zhuravlev (1978) , and was expanded later by Petchenev and Fiddling (1992) and Goldman and Muszynska (1994a,b; 1995a,b where XT is the thermal expansion coefficient, E is Young's modulus of elasticity.
According to the Castigliano's theorem and Eqs. (7), the vector fir(l, t) of the thermal bow in the rotating coordinates can be expressed in the form of convolution:
where M(1, la) is a bending moment at the axial location la, resulting from the unit load applied at the axial location 1. For simplicity it is assumed that the rotor has constant modulus of elasticity E for all cross-sections along its length. Due to the local character of the rotor heating ( n m-Z2l-12 (Lrn_l, , 7 Obviously the expression -(M(1,12)/I(12)) determines the mo+de shape of the thermal bow (see Fig. 1 -- 
In almost all practical situations this is true. (3) The vertical (imaginary) direction for each mode is chosen opposite to the direction of the corresponding radial side-load force: ")/q--3rc/2, q-1,2, New variables are introduced as follows" (q#k), (16) In this case, the absolute value of the shaft static displacement at the rub axial location is where (u+jv) and rq (qk) 
right-sided terms of Eqs. (22) have discontinuities, as they change with the fast rotating phase .
As it results from the expression (21), the ratio co/nk is contained within the following limits: 
The analysis of Eqs. (22) Taylor (1924) . Important thing to know about horizontal mode resonance is that, due to the symmetric heating, the thermal bow does not occur. This means that the main, 1 (synchronous) regime of rotor vibrations (i-1) occurs at rotative speeds higher then unaltered resonance frequency u of the leading kth mode, the subsynchronous 1/2 regime (i 2) occurs at rotative speeds higher then 2u, and so on. In the case of normal-loose situation, (or-+ 1) the maximum rotative frequency of the corresponding resonance regime is lower then 2iu, while in the normal-tight situation 2iuk is a minimal rotative frequency. This agrees with practical observations of rubbing rotor behavior (Choi and Noah, 1987) . The parameter p, which affects the width of the frequency band for each regime, characterizes the stiffening effect of the rotor-to-stator contact. Equations (22) where Sa is determined by the second of Eqs. (25) and Eqs. (21) as a function of rotative speed f.
Since ()) is essentially the forcing function in Eq. (10) for the thermal bow, its behavior determines the behavior of the thermal bow. Figure 5 depicts ()) in a polar plot format for different resonance regimes i= 1,2, 3, 4. (20), (21), (23) and (27)) has a high potential as a valuable research and prediction tool for investigating rub and thermal effects in rotating machinery.
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